Although the structure and motion of an object can in principle be recovered from the successive positions of a small number of features on its surface (Ullman 1979) , other information present in a projection of a moving surface may affect this process (see, for example, Ullman's discussion of`motion from structure'). The purpose of the present study was to determine how surface markings affect the perceived motion of surfaces in dynamic displays for which the 2-D motion information should be sufficient for recovering the 3-D structure and motion.
simple line drawings as representing surfaces. The number of interpretations of such drawings by human observers is often quite limited (Stevens 1981) , indicating that observers use certain constraints about the relationship between the contours in the image and curves in 3-D and between curves in 3-D and the shape of the surface.
One of the most natural constraints about the geometrical relation between surface markings and the surface is to suppose that``the contour in the image projects from a curve on the surface that has no more curvature than is afforded it by the underlying surface'' (Tse 2002, page 92) . This relation holds if the surface contours are planar cuts on the surface (eg Tse 2002) or geodesics (eg Knill 1992) . This constraint, however, does not allow a unique reconstruction of a surface from a projection of the 2-D contours. Further restrictions on the geometric properties of the surface curves and their relation to the underlying surface are needed. For example, Knill (2001) showed that the shape of a developable surface can be reconstructed from a set of intersecting or parallel geodesic curves with two degrees of freedom remaining (related to the global surface orientation). If a further assumption is made (as suggested by Stevens 1981 ) that the contours are not only geodesics but also are lines of curvature, there is still one degree of freedom left. Stevens (1981) suggested that the visual system has a preference for a minimal slant solution, whereas Knill (2001) proposed that a regularity constraint (eg smoothness or symmetry) is applied.
There have been several demonstrations of the ability of the visual system to infer surface shape from a set of surface markings (eg Stevens 1981; Todd and Reichel 1990; Knill 2001) . Todd and Reichel (1990) suggested that the line-of-curvature constraint is not necessary for the 3-D percept of surfaces from contours (see also Todd and Oomes 2002) . They showed that the perceived shape depends on the statistical distribution of contour orientations. Mamassian and Landy (1998) showed that observers' categorization of the local shape as elliptic or hyperbolic could be predicted under an assumption that human observers have a bias to interpret contours as lines of curvature on surfaces viewed from above. Knill (1992) presented evidence for the use of a geodesic constraint by human observers. He also demonstrated the possibility that the shape of developable surfaces could in principle be inferred from geodesic contours that are not lines of curvature, but noted that human observers seemed to have a preference for a line-of-curvature interpretation (Knill 2001) . [See Pizlo (2001) for a review of research on the geodesic constraint.] Recently, Todd et al (2004) obtained evidence that certain aspects of 3-D shape, like the positions of the near and far points or relative depth values, could be reliably estimated when doubly curved surfaces are covered by contours that are neither lines of curvature nor geodesics, but are produced by planar cuts. Zaidi (eg 2000, 2003) have provided evidence for the role of texture orientation modulations with respect to the lines of maximal curvature in the veridical perception of slant and curvature in perspective projections of developable surfaces.
The main purpose of the present study was to investigate whether the presence of surface marking affects perceived motion direction in structure-from-motion displays. As the rotating displays contain information that is theoretically sufficient for the reliable estimation of the direction of the rotation axis, the surface markings and their characteristics may have no effect on performance. But if they have an effect, this may occur either because their presence modifies the 2-D motion parameters that are used to compute the 3-D structure and motion, or because the surface markings affect local orientation estimates, changing the perceived direction of the rotation axis.
If surface markings are interpreted as planar cuts or as geodesics, the angle between surface curves would not restrict the geometric relations between them and the underlying surface, since there could be an infinite number of planar curves or geodesic lines through a point on a surface. Thus, under those constraints, the manipulation of the angle formed by intersecting curves on the surface would not be expected to have a systematic effect on the surface shape, orientation, or motion. If surface markings are interpreted as lines of curvature, the intersecting contours in the image should be interpreted as foreshortened right angles (Stevens 1981) and, under this interpretation, manipulation of the angles between intersecting surface contours should affect the perception of the rotation axis. This expectation is based on the relationship between the projected intersections of principal lines of curvature on a surface and the associated ranges of tilt values, t, and slant values, s, described by Stevens (1981) .
Stevens showed that if the tangents to the curves in the image plane have orientations t 1 and t 2 at their intersection, then the possible 3-D surface orientations are limited and the surface tilt, t, must lie within the perpendiculars to these tangents:
Although the precise tilt cannot be determined without an additional constraint, the bisector of this interval provides an unbiased estimate of the local tilt and corresponds to the minimum possible slant (Stevens 1981 ). The restricted range of possible surface orientations implies also that the accuracy of the tilt estimate should increase as the angle between the tangents of the intersecting contours becomes more obtuse. Thus, under the assumption that the surface markings are interpreted as lines of curvature, the angle of intersection between the surface contours would be expected to affect the local estimate of the tilt, biasing it towards the bisector of the obtuse angle in the intersection.
(See Appendix.) It is not only the static information provided by the surface markings that could modify the perceived structure and motion of the objects. The local velocity measurements of 1-D contours are inherently ambiguous owing to the so-called aperture problem (eg Marr and Ullman 1981) . The aperture problem is believed to occur at early stages of visual processing as a result of the restricted receptive field size of the units analyzing motion. When a contour exceeds the limits of the receptive field, the velocity component parallel to its orientation is undetermined; only the component perpendicular to the contour can be unambiguously determined. Adelson and Movshon (1982) pointed out that, if a pattern contains two (or more) different contour orientations, its motion direction can be determined uniquely by finding the velocity vector compatible with the information provided by both contours. This would correspond to the intersection, in velocity space, of the constraint lines determined by the orientation and motion of the two contours and would coincide with the true motion direction of the pattern. The experimental data, however, show that, even in the case of multiple orientations, the perceived motion direction might be biased depending on such factors as the spatial configuration, time of presentation, contrast, relative orientation, etc. For example, a rhombus appears to move in a direction corresponding to the vector average of the normal velocity vectors specified by its contours in conditions when the angle between the neighboring sides is not large, the corners are occluded, or the contrast is low (Weiss 1998). The perceived direction of plaids is biased towards the vector average of the normal velocity components of their constituent gratings when the component gratings are oriented in such a way that their normal velocity vectors lie on the same side of the true velocity vector in the velocity space (Ferrera and Wilson 1990; Yo and Wilson 1992) . The bias depends both on the orientation of the constituent gratings with respect to the motion direction and on their relative orientation (Burke and Wenderoth 1993) ; it diminishes when the angle between the gratings increases.
Biases towards vector-average direction were observed also for short lines of two different orientations moving behind invisible apertures (Mingolla et al 1992) and for a set of lines with multiple orientations (converging lines) seen through an aperture (Rubin and Hochstein 1993) . Motion direction and speed were misperceived when arrays of lines were viewed at low contrast, for brief presentation times (less than 600 ms) and when the lines were long (eg Lorenceau et al 1993) . In these cases the perceived direction of motion was biased towards the orientation orthogonal to the motion direction and the magnitude of the bias depended on the deviation between the normal velocity component and the motion direction. These data suggest that the perceived motion direction of 1-D contours is a result of integrating the available unambiguous information from the terminators and other landmarks with the ambiguous information from the interior of the contours (eg Hildreth 1984) . Hence, in a structure-from-motion display biases in the perceived motion direction might also be observed for a rotating surface, covered with elongated one-dimensional contours if the local velocity information provided by the moving contours is used as the input for the recovery of its structure and motion and if it is acquired over limited time intervals and over a restricted area. A misperception of the translational component of the motion would introduce misperception in the direction of the rotation axis. The presence and the magnitude of the biases would depend on the salience of the unambiguous information provided by the existing 2-D features (line terminators, intersection points, etc) in the displays and on the relative orientation between the contours and the true motion direction.
For example, if a surface was covered with elongated parallel contours, the perceived rotation direction would be biased towards their orientation (due to the orthogonality of the motion direction and the rotation axis direction). If two sets of contours with different orientations covered the surface, the magnitude of the bias should depend on the relative length of the contours: it should increase if the longer lines deviate more from the rotation axis direction and decrease in the opposite case. When the two sets of contours intersect, the bias should be reduced, since the intersections would increase the amount of the unambiguous information.
To determine how the information provided by surface markings affects perceived object motion, we varied the angle of intersection between surface contours, the relative orientation of the contours, and the relative length of the contours in crosses formed by contour intersections. The stimuli in most experiments were spherical surfaces covered with uniformly distributed surface markings of approximately equal size and shape, oscillating about a fixed axis in the image plane and presented under orthographic projection. The markings in most cases were crosses formed by the intersection of segments of planar cuts through the sphere. There were two principal reasons for selecting a sphere as the object to be simulated in these experiments. First, the outline of a sphere does not vary with its orientation and so does not provide information about orientation or restrict the possible orientations that might be perceived. Second, use of a sphere avoids the issue whether the markings on the surface do or do not coincide with principal directions of curvature. This is because the points on a spherical surface are umbilic; that is, the curvature of the surface is the same in all directions and thus the principal directions on a sphere are undetermined. We do not expect, however, that a sphere presented in SFM will be perceived as perfectly spherical (see, for example, Braunstein and Andersen 1984) .
2 Experiment 1: Angle of intersection of surface contours 2.1 Method 2.1.1 Observers. Six observers from the staff of the Bulgarian Academy of Sciences participated in the experiment. All had normal or corrected-to-normal vision and were naive to the purpose of the experiment.
2.1.2 Design. The independent variables were the magnitude (208 or 408) and the sign (positive or negative) of the tilt of the rotation axis and the angle between the lines forming the surface markings (the intersection angle). One of the lines was always in the direction of the rotation axis. (We will refer to this as the first line.) The second line intersected this line at angles of 308, 608, 908, 1208, or 1508. The second line was closest to the horizontal direction when the intersection angle was smallest (308) and rotated away from the horizontal direction for the other intersection angles (see figure 1) .
2.1.3 Stimuli. The stimulus displays were composed of white dots moving on a black background. The motion of the dots corresponded to an orthographic projection of a textured sphere rotating about a fixed axis in the image plane. For one type of stimulus (the standard) the texture was composed of parallel line segments, while for the other (the comparison) the texture was composed of intersecting line segments. The texture elements on a sphere had approximately equal orientations and intersection angles.
To generate the stimuli, 82 line segments were positioned uniformly along the parallels of the sphere (a set of parallel planar cuts formed by intersecting a unit-radius sphere with planes orthogonal to its axis). The length of the lines was selected randomly in the range 0.18 to 0.24 radii with a mean length of 0.19 (corresponding to azimuth angles of 0.6^1.0 radians with a mean of 0.8 radians). The positions of the lines were shifted randomly in the horizontal and vertical direction by changing their azimuth and elevation up to AE188 in spherical coordinates. Each line segment was composed of 21 dots. The vertical position of the dots was randomized by increasing or decreasing their elevation from 0.578 to 1.78 (in spherical coordinates). The second line segment was a copy of the first line, rotated about the normal in the center of the segment. For the standard stimuli, the angle of rotation was 08. For the comparison stimuli, the angle of rotation was in the range of 308 to 1508. The spheres were rotated about an axis passing through the center of the sphere and lying in the image plane (see figure 2 ). This axis corresponded to the rotation axis used to generate the motion sequences (AE208 or AE408, with positive values corresponding to tilts of the rotation axis in a counterclockwise direction relative to the horizontal and negative values indicating tilt of the rotation axis in a clockwise direction). The motion sequences consisted of 100 frames (3.3 s) and simulated the rotation of the sphere from À208 to 208 about its axis. Each display contained two spheres, one covered with lines (the standard) and the other covered with crosses (the comparison), presented side-by-side. The left^right position of the standard and comparison stimuli was counterbalanced in each experimental condition. The starting frame of each motion sequence was chosen independently and randomly for the standard and for the comparisons from the precomputed sequences, so that the spheres in each display rotated asynchronously. The center of each sphere was 9.4 cm to the left or to the right of the center of the screen. The diameter of each sphere was 12.5 cm. The mean length of the line segments was 1.19 cm.
2.1.4 Apparatus. The precomputed displays were presented on a 19 inch (48 cm) monitor in a 160061200 pixel resolution mode. The observers viewed the displays monocularly (an eye patch was used). The visible area of the monitor was reduced to 36 cm615 cm (25.4 deg610.7 deg) by a black screen with a rectangular aperture placed in front of the monitor. The presentation rate of the displays was 30 frames s À1 . A chin-rest was used to maintain the position of the observer's head at a distance of 80 cm from the monitor. At this distance each sphere in the display subtended 8.9 deg of visual angle.
2.1.5 Procedure. The observers were instructed that on each trial they would view a pair of spheres and they were to judge whether the axis of rotation of the sphere on the left or on the right looked closer to horizontal. They were shown a model of a textured sphere (a tennis ball) with a tilted axis and how the markings on it moved while the sphere rotated. The observers used the left and right buttons on a computer mouse to indicate their response. The displays were presented in continuous oscillation until the observer responded. The standard and the comparison on each trial had the same axis of rotation.
Each observer participated in two experimental sessions on separate days. Each session consisted of 2 blocks of 105 trials separated by a short break. The first 5 trials in each block were practice trials. Each experimental condition was presented 20 times to each observer. 
Results and discussion
The proportion of trials on which the comparison stimulus was judged to have a rotation axis closer to the horizontal was calculated for each observer and experimental condition. A 2 (tilt magnitude)62 (tilt sign)65 (intersection angle) repeated-measures ANOVA showed a significant effect of the intersection angle (F 4 20 33X94, p 5 0X05). The sign of the rotation axis tilt also had a significant effect on the judgments (F 1 5 35X69, p 5 0X05). Neither the main effect of the magnitude of the tilt of the rotation axis, nor its interactions with the other two factors, was significant. The averaged effect of the intersection angle for each tilt of the rotation axis is shown in figure 3a , and the effect for individual observers is shown in figure 3b .
These results show that surface markings affect the perceived tilt of the rotation axis for spheres in structure-from-motion displays. If the intersection angles had no effect, the observers should have arbitrarily judged the axis of either the standard or the comparison sphere to be closer to the horizontal and their response proportions would be closer to 0.50. If there was a general bias based on the presence of crosses versus single lines, the mean proportion judged closer to the horizontal would have had a different value, but there would not have been a systematic relation between this proportion and the intersection angle. Figure 3. The proportion of trials on which a comparison stimulus was judged as having a rotation axis closer to horizontal as a function of the intersection angle, for the four rotation axis tilts in experiment 1: (a) mean, (b) for the six observers. The crosses and lines shown above the abscissa labels in this and subsequent graphs depict the angles before the sphere is tilted. In the actual displays, the crosses and lines would be tilted by AE208 or AE408 (see figure 1).
Experiment 2: Angle of intersection by an adjustment method
In experiment 1 observers compared the motion directions of two spheres, one covered with crosses and one covered with lines having the same orientation as one of the lines in the crosses. With that method it was possible that the observers were responding only to line orientation that was different in the two paired displays. For this reason we replicated experiment 1 using a different method. The observer's task in experiment 2 was to adjust the motion direction of a comparison sphere to match the perceived motion direction of a standard sphere. The standard spheres were similar to those in experiment 1, but the comparison spheres were always covered with random dots.
3.1 Method 3.1.1 Observers. Four observers participated. All had normal or corrected-to-normal vision and were naive to the purpose of the experiment.
3.1.2 Design. The independent variables were the magnitude (208 or 408) and the sign (positive or negative) of the tilt of the rotation axis and the intersection angle of the lines in the crosses (308, 608, 908, 1208, or 1508) . The orientation of one line in each cross was in the direction of the rotation axis. Each of the 20 experimental conditions was presented 10 times to each observer. 3.1.4 Apparatus and procedure. The apparatus was similar to that used in experiment 1. The observer's task in experiment 2 was to make the direction of motion of the comparison sphere appear the same as that of the standard sphere. To adjust the direction of motion, the observer dragged the small circle around the rim of the comparison sphere, using the mouse. The observer then pressed the left mouse button and the motion direction of the comparison sphere was changed so that it was towards and away from the small circle. After viewing the new motion direction of the comparison sphere, the observer could repeat the adjustment, if necessary. When satisfied with the response, the observer proceeded to the next presentation by pressing the right mouse button. The axis of rotation of the standard sphere was fixed on each trial at one of four values (AE208 or AE408). The initial axis of rotation of the comparison sphere was randomly selected on each trial. As in experiment 1, both spheres oscillated AE208 about their rotation axis. (The oscillation of the comparison sphere could be interrupted by the adjustment procedure.) The two spheres rotated asynchronously. The spheres remained on the screen in continuous oscillation until the observer pressed the right mouse button.
Each observer participated in two experimental sessions. Each session started with 10 practice trials in which both spheres were covered with random dots. These were followed by 5 practice trials of the same type as the experimental trials and 100 experimental trials, divided into 2 blocks.
Results and discussion
The mean differences between the judged and simulated motion, calculated for each observer and experimental condition, are shown in figure 5a averaged across observers and in figure 5b for individual observers. As the intersection angle deviated from 908 in either direction, judged motion direction deviated from the simulated motion direction towards the bisector of the acute angle of the crosses. These results are similar to those in experiment 1, indicating that the biases found in the first experiment were not due to observers responding to the line orientation that was different in the two paired displays. For two observers the bias was close to 08 for the 908 intersection angle, but two other observers showed an overall bias to underestimate the motion direction angle. A 2 (tilt magnitude)62 (tilt sign)65 (intersection angle) repeated-measures ANOVA showed a significant main effect of the intersection angle (F 4 12 10X21, p 5 0X05). Errors in judged motion direction also depended on the direction and magnitude of the tilt of the rotation axis (and the resulting motion direction). There was a significant interaction between the sign and the magnitude of the tilt of the rotation axis (F 1 3 56X27, p 5 0X05). As shown in figure 6, for small deviations of the rotation direction from horizontal (AE208), the judged direction was closer to horizontal than the simulated direction. This bias did not occur for larger deviations of the rotation direction from horizontal (AE408). No other main effects or interactions were significant.
Experiment 3: Single lines
The results of experiments 1 and 2 show that the angle between intersecting contours on the surface of a sphere affects its perceived motion direction. The stimuli in those experiments do not, however, allow us to separate the effects of the intersections from the effects of the component contours forming them. In experiment 3, we used non-intersecting contours with the same orientations as the contours in the crosses to determine the extent of the bias that was related to the orientations of the component contours.
4.1 Method 4.1.1 Observers. Four observers participated in this experiment. All had normal vision and were naive to the purpose of the experiment. All had participated in at least one other experiment in this study. 4.1.2 Design. The independent variables were the magnitude (208 and 408) and the sign (positive or negative) of the rotation axis tilt, the number of line orientations for the elements over the surface (one or two) and the line orientations relative to the direction of the rotation axis. In the one-orientation conditions, the line orientations were 08, 308, 608, 908, 1208, or 1508 . In the two-orientation conditions, the orientation of one line was 08 and the orientation of the other line was 308, 608, 908, 1208, or 1508 (the combinations used in the crosses in experiments 1 and 2). There were thus 24 one-orientation conditions and 20 two-orientation conditions. These 44 conditions were repeated 10 times for each observer. 4.1.3 Stimuli. The stimuli were generated in the same way as in experiment 2. Crosses with a fixed intersection angle for each display were generated over the surface. Only one line from each cross was displayed, however. In the conditions in which one orientation was displayed, either the line in the direction of the axis of rotation (the 08 condition) or the other line was chosen from each cross. In the conditions in which lines with two orientations were displayed, which of the two lines would be visible in each cross was randomly chosen, with the constraint that an equal number of lines would be chosen with each orientation. Measures were taken to avoid accidental intersection between the lines. Figure 7 shows three single-line displays based on crosses with an intersection angle of 608. (The rotation axis direction was 408.) The comparison sphere was covered with 1000 randomly positioned dots.
4.1.4 Apparatus and procedure. The apparatus was similar to that used in the previous experiments. The adjustment procedure was the same as in experiment 2. The experiment was conducted in two sessions. Each session began with 10 practice trials in which each display contained two random-dot spheres. This was followed by 2 blocks of 115 trials, consisting of 5 practice trials with the standard sphere covered with lines and 110 experimental trials.
Results and discussion
The difference between the judged and simulated motion direction was calculated for each observer and experimental condition. Separate analyses were performed for the one-orientation and two-orientation conditions. A 2 (tilt magnitude)62 (tilt size) 66 (line orientation) repeated-measures ANOVA for the one-orientation displays showed a significant main effect of the line orientation (F 5 15 3X93, p 5 0X05) and a significant interaction between the sign and the magnitude of the tilt of the motion , Figure 7 . Examples of the single-line textures in experiment 3.
Effects of surface markings on judgments of motion directionaxis (F 1 3 23X53, p 5 0X05). Figure 8a shows the effect of line orientation averaged over observers and figure 8b shows the effect for individual observers. A similar analysis was performed for the spheres covered with lines with different orientations, except that the line orientation variable had 5 levels. Significant main effects were found for the tilt of the motion axis (F 1 3 42X75, p 5 0X01) and line orientation (F 4 12 4X43, p 5 0X05). There was a significant interaction between the size and the sign of the tilt of the motion axis (F 1 3 85X01, p 5 0X01). Figure 9a shows the effect of line orientation averaged across observers and figure 9b shows this effect for individual observers.
The bias in judged motion direction with either one (figure 8a) or both components of the crosses (figure 9a) present on a surface varied systematically with the intersection angle in the cross from which the components were taken, but the functions were different for the one-component and two-component stimuli. If we consider the mean orientation of the lines in each stimulus, however, the basis for the differences between figure 8a and figure 9a is clear. Table 1 shows the mean line orientation relative to the rotation axis for each intersection angle, for displays with lines having one or two orientations. The patterns of judgment errors in figures 8a and 9a are similar to the patterns of change in mean orientation for the one-orientation and two-orientation displays. Effects of mean orientation are discussed in section 7. These results do not support an explanation of the bias in perceived motion direction based on misperceiving the 2-D motion of the contours owing to an aperture effect. In that case the effect of contour orientation on judged motion direction should be greater for spheres covered with single lines than for spheres covered with crosses, because the intersections in crosses provide additional information for the estimation of correct motion direction. In comparing the results with crosses (experiment 2) with those with lines (experiment 3), we found a significant interaction between line orientation and type of texture element in determining the bias in judged motion direction (F 4 12 4X3, p 5 0X05). The effect of line orientation was greater for spheres covered with crosses than for spheres covered with single lines having the same two orientations as the line in the crosses. This interaction is shown in figure 10 . In this comparison, the number of texture elements was equated for the cross and line displays and there were thus twice as many line segments in the cross displays. We conducted a control experiment in which the number of line segments was equated and found a similar interaction. Figure 9 . Difference between judged and simulated motion direction as a function of the orientation of the line that was not in the rotation axis direction for the two-orientation displays in experiment 3: (a) averaged, (b) for the four observers. Error bars show AE1 standard error.
Experiment 4: Variations in aspect ratio
The results of experiments 1^3 suggest that the misperception of the rotation axis is due to the orientations of the surface markings, especially when the markings intersect to form crosses. Different intersection angles, however, produce crosses with different overall aspect ratios (if, for example, we consider the smallest rectangle that could contain the cross). If the crosses are perceived as projections of isometric texture elements on a 3-D surface, variations in aspect ratio might affect the perceived orientation of the surface and its judged motion. Under this interpretation the local surface tilt would correspond to the direction of maximal contraction of the texture elements. This implies that the estimated tilt direction would depend both on the angle between the lines in the crosses and on the orientations and the length of the lines in the configuration. For a cross formed by lines of equal length, the estimated tilt direction would be shifted towards the bisector of the obtuse angle. For crosses with lines of unequal length, the bias in the tilt estimate should deviate from the bisector towards the longer line. An incorrect estimate of the surface tilt would introduce bias in perceived motion direction by arguments similar to those discussed in the Appendix. (Because the motion direction is orthogonal to the direction of the rotation axis, the expected bias in perceived motion direction would be towards the bisector of the acute angle.) In the present experiment we varied the lengths of the lines comprising the crosses to separate the effects of aspect ratio from the effects of intersection angle. 
5.1.4
Apparatus and procedure. The apparatus was similar to that used in the other experiments. The observer's task was to make the direction of motion of the comparison dotted sphere appear the same as the direction of motion of the standard sphere, as in experiments 2 and 3. Each observer participated in two experimental sessions, each of which began with 10 practice trials in which the display contained two random-dot spheres. This was followed in each session by 2 blocks of 85 trials with the standard cross display and the comparison dot display, the first 5 of which were practice trials.
Results
The difference between the adjusted and the simulated rotation directions was calculated for each experimental condition. A 2 (tilt magnitude)62 (tilt size)62 (intersection angle)64 (line length combination) repeated-measures ANOVA showed a significant main effect of the intersection angle (F 1 3 28X31, p 5 0X05). The mean difference between the adjusted and the simulated rotation directions was 5.28 for an angle of 458 and À7X78 for an angle of 1358. There was a significant interaction between sign and magnitude of the tilt of the rotation axis (F 7 21 17X1, p 5 0X05), between sign of the tilt of the rotation axis and line length combination (F 3 9 13X02, p 5 0X05), and between intersection angle and line length combination (F 3 9 6X95, p 5 0X05).
If the crosses on the surface were interpreted as foreshortened isotropic texture elements and this interpretation determined the biases in the perceived local surface orientation, and consequently in the perceived motion direction, the biases should depend on the length of the line deviating from the direction of the rotation axis. If the longer line was in the direction of the rotation axis, the bias should decrease; if the longer line deviated from it, the bias should increase. When the two lines are equal in length, the bias should not depend on the size of the crosses. Therefore, the magnitude of the expected bias for each intersection angle should increase in the following order for the four combinations of line lengths: (1.5, 1) 5 (1.5, 1.5) (1, 1) 5 (1, 1.5 ) where the numbers in parentheses represent the relative line lengths, with the line in the direction of the rotation axis listed first. The biases should depend also on the orientation of the deviating line and a difference in the sign of the bias would be expected for angles of 458 and 1358.
If the 2-D motion direction was estimated incorrectly, the expected bias should depend not only on the orientation and the relative lengths of the lines in the crosses, but also on their absolute length. For crosses formed by lines with equal length, the bias should be larger for longer lines since in this case the unambiguous information from the line terminators would have less effect on the perceived motion direction (Lorenceau et al 1993) . If the lines are unequal in length, the magnitude of the bias should increase when the longer line deviates from the direction of the rotation axis and decrease when the longer line is in the direction of the rotation axis. Therefore, if 2-D motion misperception determines the biases, they should increase in magnitude in the following order for the four combinations of line lengths: (1.5, 1) 5 (1, 1) 5 (1.5, 1.5) 5 (1, 1.5) and should be different in sign for angles of 458 and 1358.
If the misperception of the rotation axis is due to the interpretation of the crosses as foreshortened right angles between lines of principal curvature, the manipulations of line length would have no effect, while the change in the intersection angle would change the bias.
The results of the experiment confirmed the contribution of the intersection angle to the observed bias (figure 12a). The effect was present for all observers (figure 12b). The interaction between the intersection angle and line length combinations shows a smaller , , , , absolute bias for the combination (1.5, 1), which is consistent with either a foreshortened isotropic texture element explanation or a misperceived 2-D motion direction explanation. However, the effect of the relative line lengths is smaller than the effect of the intersection angle and the results did not confirm the prediction that the largest bias would occur for the (1, 1.5) combination (see figure 12b ).
Experiment 5: Translation of planar surfaces
The previous experiments showed systematic biases in judged motion direction related to the orientation of surface markings on spheres rotating in depth. The purpose of experiment 5 was to determine whether similar biases in judged motion direction would occur with planar surfaces translating in the frontal plane.
6.1 Method 6.1.1 Observers. Four observers participated in the experiment. All had normal vision and were naive to the purpose of the experiment. All had participated in at least one of the previous experiments. 6.1.2 Design. The independent variables were the magnitude (708 and 508) and the sign (positive or negative) of the tilt of the motion trajectory and the intersection angle (308, 608, 908, 1208, or 1508) . Tilts of the motion trajectory were matched to the motion directions in the rotating sphere stimuli, and were thus orthogonal to the tilts of the rotation axis for those stimuli. That is, motion trajectory tilts of 708 and 508 resulted in motion directions in the image equivalent to those produced by spheres rotating about axes of À208 and À408 and motion trajectory tilts of À708 and À508 corresponded to rotation axes of 208 and 408. The orientation of the first line in a cross was always orthogonal to the direction of motion. Each experimental condition was presented 10 times to each observer. 6.1.3 Stimuli. The standard stimulus was a plane covered with crosses. The comparison stimulus was a plane covered with dots. Each plane was generated in a circular area with a radius 1.2 times larger than the radius of the spheres used in the previous experiments, but only an area equal to the radius of the spheres was visible. The number of elements and their spatial arrangement were determined so that they were on average equal to that of the elements visible during the rotation of the spheres (see figure 13) . The planes translated back and forth with a projected speed similar to that of the rotating spheres.
6.1.4 Apparatus and procedure. The apparatus was similar to that used in the other experiments. The procedure was similar, except that on each trial observers were presented with two planar surfaces, one covered with dots and the other covered with crosses. The position of the dotted plane was counterbalanced across observers. A 0.3 deg diameter circle was presented 0.4 deg from the edge of the visible circular area of the dotted surface, with its position around the circle randomly varied across trials. The observer's task was to make the direction of motion of the dotted surface the same as that of the surface covered with crosses. As in experiments 2, 3, and 4, the observer did this by moving the small circle around the surface and pressing the left mouse button. The motion direction of the dotted surface was changed after the observer pressed the left mouse button so that its trajectory was aligned with the position of the circle. The observer could then view the result of the adjustment and repeat it, if necessary. When satisfied with the response, the observer proceeded to the next presentation by pressing the right mouse key. While the direction of the motion trajectory of the planar surface with crosses was determined on each trial by the experimental design, the initial direction of translation for the dotted planar surface was randomly selected on each trial. As in the other experiments, both surfaces changed their direction of motion every 100 frames (3.33 s), if this oscillation was not interrupted for the dotted surface by the adjustment procedure. The initial direction and position along the motion trajectory for both surfaces was chosen randomly so that they moved asynchronously. The surfaces remained on the screen in continuous oscillation until the observer responded.
Each observer participated in two experimental sessions. Each experimental session began with 10 practice trials in which each display contained two dotted surfaces. These were followed by 2 blocks of 105 trials in which the standard display was a surface covered with crosses and the comparison display was a surface covered with dots. The first 5 of the 105 trials in each block were practice trials.
Results and discussion
The mean differences between the adjusted and simulated motion directions, calculated for each observer and experimental condition, are shown in figure 14a averaged across observers and in figure 14b for individual observers. As the intersection angle deviated from 908 in either direction, judged motion direction deviated from the simulated motion direction towards the bisector of the acute angle of the crosses. For three observers, the deviation was close to 08 for the 908 intersection angle; one observer showed an overall bias to overestimate the motion direction angle. A 2 (tilt magnitude)62 (tilt sign)65 (intersection angle) repeated-measures ANOVA showed a significant main effect of the intersection angle (F 4 12 7X03, p 5 0X05).
Errors in judged motion direction also depended on the direction and magnitude of the deviation of the motion direction from horizontal. There was a significant interaction between the sign and the magnitude of the tilt of the motion trajectory (F 1 3 50X88, p 5 0X05). As shown in figure 15 , for small deviations of the rotation direction from horizontal (AE208), the judged direction was closer to horizontal than the simulated direction. This bias did not occur for larger deviations of the rotation direction from horizontal (AE408). No other main effects or interactions were significant.
Overall, the observed bias in judged motion direction for planar surfaces was qualitatively similar to that obtained for spherical surfaces covered with crosses. This suggests that bias in judged motion direction found in the previous experiments does not depend on an interpretation of the crosses as representing intersecting lines of curvature. The similarity of results with the 3-D and 2-D surfaces suggests that it is reasonable to compare the two types of motion direction judgmentsödirection of rotation for the spheres and direction of translation for the planes.
General discussion
The results of the present study suggest that the orientation of surface markings relative to the rotation axis and the angle between surfaces markings biases the perceived direction of motion in structure-from-motion displays. Our experimental data could not be explained under the assumption that the 2-D motion direction is misperceived owing to an ambiguity in the direction of the 1-D motion signals associated with an aperture effect, since in this case larger misperception should be observed for nonintersecting lines and the bias would depend on the relative length of the differently oriented contours over the surface. Another possible bias for misperception of the 2-D motion is that the motion system has a low spatial resolution and the lines and crosses on the surface of the spheres were represented as blobs, with the perceived motion direction dependent on the orientation and elongation of the blobs. This explanation would predict a dependence of the bias on the relative length of the lines in the crosses, which was not found in the results of experiment 4. Our results suggest that, when a moving surface is covered with intersecting contours, the motion direction of the surface is biased towards the bisector of the angle between the contours. For pairs of contours covering a surface, that intersect at the same angle, the bisector of this angle is equivalent to the mean orientation of the contours over the surface. This raises the possibility that the biases in perceived motion direction observed when the surface was covered with non-intersecting contours might also be determined by the mean orientation of the contours. To examine this possibility, we calculated the mean orientation of the contours for all experimental conditions used in the study. (The data for the aspect-ratio experiment were excluded because only two values of the intersection angle were used in that experiment. The calculation of mean orientation was based on the orientations of the individual lines and would not be affected by line length.) Figure 16 shows the dependence of the observed bias on the mean orientation of the contours over the visible part of the surfaces during their motion, estimated from the tangents at the center of the contours by the use of circular statistics (Mardia 1972 ). The figure shows that for all experimental conditions (planar or spherical surfaces, single or intersecting contours) the bias in judged motion direction can be represented by a linear function of the mean orientation of the contours.
The observed bias towards the mean orientation of the contours would not be predicted from an interpretation of the markings as geodesics or planar curves over the surface, because this interpretation would not impose constraints on the intersection angles in the projection. The observed bias could be explained by an assumption that the surface markings are interpreted as lines of curvature, but then no effect would be expected for planar surfaces for which the curvature is zero and the same in all directions and for which it is thus not meaningful to consider lines of curvature. The crosses on both the spherical and planar surfaces, however, may have been interpreted locally as projections of lines crossing at right angles in 3-D. Variations in the projected intersection angles could be regarded as being due to differences in their spin, ie the orientation of the crosses in the plane on which they lie (Saunders and Knill 2001 ). According to Saunders and Knill's model, the spin of skewed symmetrical figures creates biases in judgments of surface tilt towards the direction of the spin, ie in the direction of the rotation of the figure in the plane. For the stimuli used in our experiments, this would correspond to a bias towards the mean orientation of the lines in the crosses. Thus, for the intersecting-line displays in the present study, the observed bias towards the mean orientation of the contours is consistent with the model proposed by Saunders and Knill. Another feature of the results is the vertical shift in the data points for the tilts of the rotation axis of AE208 (motion direction of 708 or 1108), relative to the data points for the tilts of the rotation axis of AE408 (motion direction of 508 or 1308). This shift in vertical direction occurred when the tilt of the rotation axis (motion direction) was close to one of the cardinal directions (horizontal or vertical), and it was not observed when the tilt of the rotation axis was about equally distant from the two cardinal directions.
The observed effects can be modeled under an assumption that two factors determine the bias in the perceived motion of surfaces covered with elongated markings: the mean orientation of the markings and the deviation of this orientation from the axes of a horizontal^vertical reference frame. Figure 17 illustrates how the mean orientation determined by the surface markings can be related to a horizontal^vertical reference frame. When the orientation determined by the contours is equally distant from the horizontal and vertical axes, our results suggest that the effect of this reference frame is cancelled; that is, we assume that the weights for deviations from both cardinal axes are equal. Thus,
where y is the mean line orientation, DH and DV represent the deviation of the axis of rotation from the horizontal and vertical axes, and o 1 , o 2 are the weights. Because the cardinal axes consist of an undirected line (either end of the line could be taken as the direction), all deviations would need to be represented in the range between 08 and 1808. The standardized regression coefficients, estimated from the experimental data under these assumptions (see table 2), were used as the weights in fitting the model to these data. For non-intersecting lines of two orientations, the weight given to the mean orientation of the contours was not significant. What distinguishes this case from the other experimental conditions used in this study is that the mean line orientation changed in an unpredictable way from one surface patch to the next. In all other experimental conditions the mean contour orientation varied smoothly between neighboring surface patches. This suggests that the variability of the mean contour orientation over the surface patches affects the weight given to the global mean orientation of the surface markings in determining the perceived motion direction. Figure 18 shows the model fit to the experimental data. The regression model seems to be in good agreement with the data.
These results suggest that judgments of motion direction for surfaces with elongated markings are based on a combination of two reference frames. One may be considered an object-centered reference frame, determined by the average orientation of the visible features. The other is an external reference frame based on the cardinal horizontal and vertical axes. Recently, Tadin et al (2002) discussed and demonstrated the possibility that the visual system represents the relative positions and motions in a reference frame defined by the perceived object. They stressed the utility of such a representation for dynamic scenes. The present study is another demonstration of the use of reference Figure 18 . Model fit for crosses on a sphere, lines with one orientation, lines with two orientations that do not intersect, and crosses on a plane. frames defined by moving objects. It also demonstrates that the reference frame based on the changing visual input is further aligned or compared to an external reference frame. Such an organization of the incoming information is efficient and allows a more economic representation both of the parts of the object and of its global movement.
In summary, we found that, in conditions in which the motion information was theoretically sufficient for recovering the structure and motion of an object, the presence of elongated markings over the surface significantly changed the perceived motion direction. Effects of the statistical distribution of texture elements or contours over surfaces have been previously reported in relation to changes in the perceived curvature (eg Todd and Akerstrom 1987; Todd and Reichel 1990) or slant of planar surfaces (eg Warren and Mamassian 2003) in static displays. The present results suggest that the average orientation of surface contours with respect to an external reference frame, in a structure-from-motion display or a translating planar display, influences the perceived direction of motion.
components may cause a bias. If we assume that the axis of deformation is estimated correctly, but the surface tilt estimate is incorrectly replaced by the bisector of the obtuse angle between intersecting surface markings, the estimate of the perceived direction of the rotation axis may be represented as
for obtuse angle between the intersecting contours, and as
for an acute angle of intersection. These relations show that, if the surface markings are interpreted as lines of curvature, the direction of the rotation axis will be biased towards the bisector of the acute angle between the tangents to the surface contours. This bias is independent of the relative length of the contours forming the intersection. Figure A1 . Illustration of the relation between the motion direction, A, the direction of the depth gradient, F, and the axis of deformation, m, for a planar surface patch covered with regular grid. The tilt direction, t, coincides with the direction of the depth gradient and is 908.
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